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1. Introduction 
 

The red-bed mainly refers to diagenetic clastic rocks of 

the Triassic, Jurassic, Cretaceous, and Cenozoic Paleogene 

since Mesozoic, which are classified as belonging to 

lacustrine facies, fluvial facies, fluvial-lacustrine facies or 

piedmont proluvial facies: as the appearance of the stratum 

is mainly red, it is called a red-bed. Red-beds are mostly 

interbedded, and three indices are commonly used for the 

discrimination of red-bed, namely, the color being reddish 

to the naked eye, the environment of continental 

sedimentation, and the conditions of clastic sedimentation 

prevailing. The red-bed strata lithology is mostly mudstone, 

shale, silty mudstone, and other argillaceous soft rocks. 

Affected by lithological conditions, the red bed soft rock 

has typical characteristics of low permeability, strong 

hydrophilicity, ready softening (or expansion) when 

exposed to water, easy disintegration (or shrinkage) under 

dehydration, and poor mechanical properties. Currently, 

many scholars have conducted research into red-bed soft 

rocks. On formation mechanisms thereof, Trümper et al. 

(2020) studied fluvial red beds containing preserved large 

woody debris and provided evidence for the concurrence of 

river depositional systems and vegetation. Huang et al. 

(2020) performed Mossbauer spectroscopic and 

petrographic studies on red beds in the eastern Tibetan  
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Plateau to discuss the mechanism of remagnetization. 

Aehnelt et al. (2021) studied the red bed sediments of 

Triassic Buntsandstein deposits and explored the origin of 

bleaching phenomena. In structural geological terms, 

Wilmsen et al. (2021) investigated the upper Jurassic 

Garedu red bed formation in the northern Tabas Block and 

elucidated the tectonics thereof. Marat et al. (2022) 

conducted a comprehensive investigation of red bed slopes 

in Romania and found that the interactions between stratum 

and water infiltration form the driving mechanism for 

landslide reactivation. Yan et al. (2019) combined the 

distribution of red beds and over 1000 Danxia landform 

sites to summarize the spatial patterns and geological 

elements. In terms of their mechanical properties, Azarafza 

et al. (2019) studied the geotechnical characteristics of dark 

red beds in Iran and proposed empirical relationships 

between them. Koshnaw et al. (2019) investigated red-bed 

series strata in Iraq and discussed evidence indicating the 

time of Arabia-Eurasia continental collision. Zhou et al. 

(2021) focused on the red-bed soft rock from the Three 

Gorges Reservoir area in China and studied the water-rock 

interaction at mesostructured level. Liu et al. (2019) 

examined the behavior of red-bed soft rock under seawater 

condition and studied its softening mechanism and control 

measures. Zhou et al. (2019) attempted to classify red-bed 

rock mass structures and summarized slope failure modes in 

south China. Shen et al. (2018) studied the slaking 

properties of red-bed mudstones collected from the Three 

Gorges Reservoir area. 

Red-beds in China are mainly distributed in the south-

west and north-west regions. Meanwhile, as the key area of 
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Abstract.  Red-bed soft rock is a common stratum and it is necessary to evaluate the mechanical properties and bearing capacity 

of red-bed soft rock mass affected by different environmental effects. This paper presents a complete procedure for evaluating 
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weathering effect, the mechanical parameters decrease to a certain extent. After considering the effect of dry-wet cycling, the 
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rock mass will be significantly affected by various environmental effects. Therefore, combined with the mechanical test results, 

some useful implementations are proposed for the construction of a red-bed soft rock dam foundation. 
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hydropower resource development, many hydropower 

stations are under construction or are to be built in south-

western China, making the use of red-bed soft rock as a 

dam foundation inevitable under certain circumstances. 

Therefore, it is necessary to perform an accurate evaluation 

of the rock mass mechanical properties and a reasonable 

assessment of the bearing capacity of dam foundations. 

Regarding this issue, Shahrbanouzadeh et al. (2015) studied 

seepage conditions pertaining to a dam foundation using 

FEM and ANN models for Shahid Abbaspour dam. 

Varmazyari et al. (2021) took the dam and reservoir as a 

single entity to study the influences of different earthquake-

input mechanisms on the foundation. Wu et al. (2019) 

proposed an approach to identify the geomechanical 

parameters required for deformation modulus of arch dams. 

Yilmaz et al. (2021) compared the deformation modulus of 

a dam foundation rock mass derived from in-situ 

measurement and plate loading tests. Moreover, scholars 

performed further research on other relevant and important 

aspects, such as the failure analysis of a dam foundation 

(Jiang 2019, Wang 2020) and reinforcement techniques 

(Chen 2012, Jiang 2021). Chen et al. (2023) proposed an 

energy-frequency parameter to evaluate the intensity 

measure for earthquake ground motion. 

Many researchers have investigated the mechanical 

properties and modelling techniques of red-bed soft rock. 

He et al. (2023) investigated the mechanical properties of 

red-bed soft rock subjected to freeze-thaw cycles and 

proposed a modified binary-medium constitutive model. 

Liu et al. (2019) studied the influence mechanism of 

different flow patterns on the softening of red-bed soft rock. 

Li et al. (2023) focused on the shear-creep behavior of 

weak interlayer mudstone in a red-bed soft rock in acidic 

environments and proposed an improved Burgers model. Yu 

et al. (2022) studied the critical damage point of the red-bed 

soft rock during damage and destruction using multiple 

approaches. Zhang et al. (2020) compared the effects of 

different test methods on the disintegration of red-bed soft 

rock and proposed a model predicting the evolution of 

disintegration under cyclic wetting and drying. Although 

abundant achievements have been made through the 

aforementioned research into the characteristics of red-bed 

soft rock, work on the mechanical characteristics of red-bed 

soft rock as dam foundation rock mass, especially the 

variations in mechanical properties of the red-bed dam 

foundation under factors such as naturally weathering, dry-

wet cycling, and dam concrete sealing remains sparse. The 

rock mass of the dam foundation will undergo excavation, 

concrete backfilling, and weathering during construction. 

Besides, the potential wetting effect of rainfall and its 

subsequent evaporation will cause the rock mass to 

experience cyclic wetting-drying during the reinforcement 

of a dam foundation. Therefore, it is necessary to evaluate 

the variations in mechanical properties under different 

practical effects for red-bed soft rock, which is easily 

disturbed by excavation and may soften or even disintegrate 

when exposed to water. This paper proposes a 

comprehensive investigation of the mechanical properties of 

red-bed soft rock under weathering and dry-wet cycling 

effects. The geophysical prospecting technique and in-situ  

 

Fig. 1 Location of the project 

 

 

mechanical testing method are both employed to clarify the 

behavior of a rock mass, which is intended for use in a dam 

foundation, under different working scenarios. It is 

highlighted that the geophysical prospecting method is 

useful to determine the loosened thickness of surface rock 

mass, to provide practical guidance to actual engineering 

design. Moreover, the test results reveal that the red-bed 

soft rock mass will be affected by various environmental 

effects to varying degrees, so measures should be taken to 

avoid the influences of environmental factors that cause 

significant changes in mechanical properties. 

 

 

2. Procedures and methods 
 

2.1 Project outline 
 

The project taken in the present research as a case study 

is a scheduled hydropower station on Changjiang River in 

south-west China (Fig. 1). According to the current 

geological survey and site selection, the dam foundation 

rock mass in the hydropower project area is mainly 

composed of red clayey siltstone and silty claystone of 

Suining Formation of the Upper Jurassic System, which is a 

typical red-bed soft rock (Fig. 2). 

Based on a geological survey, the red-bed rocks of 

project site can be rapidly weathered after exposure to air, 

disintegrated after dehydration, and weakened and swelled 

after immersion in water. Moreover, the high content of 

montmorillonite in the rock mass of the dam foundation 

makes the dam foundation prone to uplift deformation, 

which is not conducive to the structural safety of dam 

structure. It is based on above findings that the emphasis of 

the present study is placed on the extent of weathering 

extent of red-bed soft rock mass and the characterization of 

its mechanical properties under different working scenarios. 

 
2.2 Procedure 
 

The combination of in-situ testing with laboratory tests 

was used to explore the mechanical properties of rock mass 

of the red-bed soft rock dam foundation under various  
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Pearl River
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Fig. 2 Image of the red-bed at the project site 

 

 

Fig. 3 Flowchart through the investigation 

 

 

environments. Considering that the rock mass of the actual 

dam foundation has not yet been excavated, an area with the 

same lithology and similar rock mass structure 

characteristics to those at the actual dam site could be 

selected. Considering that the shallow and surface layer of 

the red-bed soft rock in the test area is natural terrain and 

has been affected by long-term weathering, it cannot meet 

the requirement that the rock mass of the dam foundation 

should be in slightly weathered or non-weathered strata, the 

method that combines geophysical prospecting and 

mechanical test was adopted to conduct the investigation. 

The flowchart through the procedure is shown in Fig. 3. 

The whole process can be divided into five steps. 

Step 1. The testing site that has similar geological 

characteristics to the rock masses at the dam foundation is 

selected. The surface loosened natural rock masses are then 

removed based on estimation by geophysical prospecting. 

Step 2. The site is divided into four areas and a series of 

rock mechanical tests are performed shortly after the 

surface excavation in any one of the divided areas. These  

 
(a) Site image 

 
(b) Plan view 

Fig. 4 Site image and zones of the testing area: ① Site 

for rock mass deformation testing; ② Site for 

geophysical prospecting; ③ Site for direct shear testing 

of the rock-concrete interface 

 

 

tests include in-situ rock mass deformation tests, in-situ 

direct shear test of rock-concrete interface, and medium-

sized rock sample shear tests performed in a laboratory. The 

stiffness and strength parameters of rock mass can thus be 

obtained as a baseline for evaluating the mechanical 

property of red-bed soft rock under various environmental 

conditions. 

Step 3. For the remaining three areas (Fig. 4), three 

surface effects are considered for each area: 1) natural 

weathering, whereby the rock mass is directly exposed to 

air without any artificial treatment and subjected to natural 

weathering for three months; 2) dry-wet cycling, whereby 

the surface is first filled with water to remain soaked for 

seven days and then drained to expose it to air for another 

seven days, which process is then repeated for three 

months; 3) concrete covering, whereby the surface is 

covered with concrete to eliminate the influences of water 

and air on the covered rock mass. The three surface effects 

correspond to the various environmental conditions to 

which a dam foundation may be subjected during 

construction. Thus, the variations in mechanical properties 

of the red-bed soft rock dam foundation may be quantified. 

Step 4. Data analysis and comparison of the resulting  
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Fig. 5 Borehole acoustic testing technique 

 

 

mechanical parameters are performed to investigate the 

influences of different surface effects on a red-bed soft rock 

dam foundation. 
 
2.3 Geophysical prospecting methods for detecting 

weathering in the rock mass 
 

2.3.1 Geophysical prospecting using single-hole 
acoustic wave velocity index 

By using the different propagation and absorption 

characteristics of different geotechnical bodies, the sound 

waves propagating from the source can be received by 

instantaneous or repeated impact on the geotechnical media 

under test, thus obtaining the sound wave velocity. Then, 

the engineering properties of the geotechnical media can be 

obtained according to the variation of wave velocity. The 

borehole acoustic testing technique is further illustrated in 

Fig. 5 and is explained below. 

Assuming the longitudinal velocity of the fluid in the 

borehole is V1 and the longitudinal velocity of the rock layer 

at the borehole wall is VP, the path of the sound wave to the 

receiving probe S1 is F→A→B→S1 and the time taken is 

𝑡1 =
FA

𝑉1
+

AB

𝑉𝑃
+

BS1

𝑉1
=

2FA

𝑉1
+

AB

𝑉𝑃
    (1) 

Similarly, the time taken for propagation of the sound 

wave from F to S2 is 

  𝑡2 =
FA

𝑉1
+

AC

𝑉𝑃
+

CS2

𝑉1
=

2FA

𝑉1
+

AC

𝑉𝑃
  (2) 

The propagation time difference is 

  Δ𝑡 = 𝑡2 − 𝑡1 =
𝐵𝐶

𝑉𝑝
=

𝐿𝑑

𝑉𝑃
 (3) 

This gives the average wave velocity at the BC section 

of the pore wall 

  𝑉𝑃 =
𝐿𝑑

𝑡2−𝑡1
 (4) 

According to the above principle, the wave velocity of 

rock mass in each measuring section is calculated, and the 

curve of wave velocity variation with hole depth is drawn.  

 

Fig. 6 The electrical prospecting method 

 

 

Based on the hole depth curve of wave velocity, the 

variation characteristics of longitudinal rock mass 

properties can be determined, that is, the weakening (and its 

extent) of the surface soft rock can be determined. 

 
2.3.2 Geophysical sounding methods based on 

resistivity indicators 
The electrical prospecting method was used to detect 

underground geological structure and underground 

electrical inhomogeneous body by observing the electrical 

differences of spatial or temporal distribution characteristics 

and variations between rocks and ores. The rock mass 

electrical resistivity ρ was calculated by measuring the 

current intensity IAB of the power supply circuit and the 

potential difference △VMN between the measuring 

electrodes M and N (Fig. 6). 

  𝜌 = 𝑘
Δ𝑉𝑀𝑁

𝐼𝐴𝐵
 (5) 

where k = 2πα. 

The principle of the Wenner device is such that: when 

measuring, the supply electrodes A and B and the measuring 

electrodes M and N are disposed symmetrically with the 

measuring point and the distance between them is fixed. 

The electrode pitches AM, MN and NB are equal. A, M, N 

and B are moved simultaneously to the right point-by-point, 

and the potential difference and current strength are 

observed point-by-point along the profile to calculate the 

apparent electrical resistivity. As the electrode spacing 

increases, the apparent electrical resistivity observed point-

by-point reflects the distribution of the electrical properties 

of the layer of the observed rock mass with increasing 

depth. 

 
2.4 Methods for determining the mechanical 

properties 
 

2.4.1 Deformation testing 
In the selected test area, the location of the test was 

determined according to the on-site geological conditions. 

Then, the surface loosened rock mass was removed 

manually to level an area of 2 m2. Further, a plane with a 

diameter of 700 mm was chiselled by hand, and then 

ground into a horizontal round surface with a diameter of 

600 mm with a grinding wheel. After being washed and 

dried, a geological description was recorded. We aligned 

and levelled the rock surface with pure cement slurry dosed 

with a small amount of early strength admixture to ensure 

intimate contact with the bearing plate, and wait for it to  
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Fig. 7 Installation of the rock mass deformation test 

 

 

cure. On the second day, the force transmission system of 

the bearing plate and the measuring system required for the 

test were installed. On the third day, the rock mass 

deformation test could be conducted. The in-situ installation 

of the device is shown in Fig. 7. 

A circular rigid bearing plate with an area of 

200,000 mm2 was adopted. The deformation of the 

underlying rock mass was measured by dial gauge (1/‰ 

mm), and the test pressure was measured by standard 

pressure gauge with a precision of 0.4. The maximum test 

pressure was 2 MPa, and the pressure was applied in five 

stages. The pressure was increased by an increase-release 

circulation in a step-wise manner, and the pressure recorded 

immediately after the pressure had been increased and 

released, and then read once every 10 minutes thereafter. 

When the deformation readings were relatively stable, the 

next load increment can either be applied or withdrawn. 

 
2.4.2 Direct shear test of the concrete-rock interface 
The test was conducted using a horizontal pushing 

method, with a shear surface area of 500 mm × 500 mm and 

a maximum positive stress of 2 MPa applied. A horizontal 

surface measuring 700 mm × 800 mm was chiselled by 

hand at the selected location, with the undulation difference 

controlled to within 5 mm to 10 mm. 

The concrete strength shall meet the requirements of 

C20 grade. Ordinary Portland cement of Grade 32.5 shall be 

selected. The sand and stone were taken from the local 

quarry, and 1% calcium chloride was added as the early 

strength agent. A layer of cement mortar with a thickness of 

20 mm was placed on the surface of the test location, and 

then concrete was poured and pounded to be compacted in 

layers. Three 150 mm × 150 mm × 150 mm samples shall 

be poured for each batch of tests. At Day 7 after concrete 

pouring and curing, the force transmission system shall be 

installed. After curing for another 1 to 2 days, the test was 

conducted when the uniaxial compressive strength of the 

concrete reached 20 MPa. Fig. 8 shows the installation of 

the apparatus. 

In the direct shear test, the concrete specimens are firstly 

tested for compressive strength. When the compressive 

strength of the concrete samples reaches the design 

strength, the test can be conducted on site. 

The normal stress applied to each group of specimens is 

determined according to an arithmetic progression. The  

 

Fig. 8 Field installation of the direct shear test device 

 

 

normal stress on each test sample shall be applied in three 

stages, and readings taken once every 5 minutes. When the 

difference between two consecutive readings of vertical 

displacement is less than 1%, it is considered that the 

vertical displacement is relatively stable, and the horizontal 

load can be applied. 

After completing each shear test, the shear friction test 

shall be conducted in the same way under the same normal 

stress. The normal stress is kept constant throughout the 

application of the shear stress. After the above tests, the 

samples should be opened and a detailed geological 

description of the interfaces recorded. 
 

2.4.3 Medium-sized rock mass shear test 
Specimens measuring 200 mm × 200 mm × 400 mm 

(length × width × thickness) were manually taken from the 

test location, or specimens of 200 mm in diameter and 

400 mm in height were drilled. We fastened the sample with 

steel wire to prevent unloading and relaxation during 

preparation and transportation and put the lower part of the 

specimen into a steel mold, adjusted the shear zone plane to 

the horizontal, then poured the concrete, and after 3 to 

4 hours, a 10-mm shear joint was reserved to pour the upper 

part of the concrete, so as to level the concrete surfaces. 

Finally, the test could be conducted after two days of 

curing. 

A horizontal pushing method was used in the test. The 

normal stress acts perpendicular to the shear plane and the 

horizontal stress acts parallel to the shear plane. The normal 

stress ranged from 0 to 2.0 MPa and was applied in three 

stages. After the first level of normal stress was applied, 

pliers were used to cut the steel wire fixing the sample, and 

then the next two load increments were applied. The 

deformation was recorded at 5-minute intervals before and 

after loading, and a shear stress only applied after the 

system was relatively stable. 

The shear load was applied to 10% of the estimated 

maximum shear load. When the shear deformation caused 

by loading was more than 1.5 times the previous 

deformation, the shear load was reduced by half until 

failure. The primary shear displacement and normal 

displacement were measured and read, allowing 5 minutes 

to elapse for stabilization after loading. 

After the sample fails, shear friction test was performed 

based on the same procedure under an equivalent normal 

 

 

 

 

 

 

 

 

 

 

 

图 3.1 变形试点安装示意图 

3.2.2 混凝土与基岩接触面直剪试验 

1 承压板  2 钢板  3 千斤顶  4 传力柱   5 测杆  6 位移测表  7 压力表  

 

 7 

 2 

 1 

 3 

 4 

 3 
 6 
Bearing plate
Displacement gauge

Lifting jack

Pressure gauge

Force transmission 

column

Steel plate
 图  例
1砂浆反力

2钢  板

3传力柱

4千斤顶

5滚轴排

6试  体

7标  点

8压力表

9推力板

1

9

9

8

6

6

7

85

4

4

5

3

3

1

2
2

7

 α

Mortar roof

Steel plate

Force transmission 

column 
Pressure 

gauge
Lifting 

jack

Roller row

Steel 

mold

Push 

head

Label

143



 

Liming Zhou, Yujie Li, Fagang Wang and Yang Liu 

 

 

Fig. 9 Statistics of wave velocity distribution (unit: m/s) 

 

 

stress. The normal stress was kept constant throughout the 

application of the shear stress. At the end of the test, the 

shear plane was described and photographed to determine 

the effective shear area. 

 

 

3. Data and results 
 

3.1 Loosened thickness of the natural rock mass 
using geophysical prospecting 

 

The geophysical prospecting method was used to 

determine the thickness of loosened rock mass, which 

provides the basis for the depth of surface excavation at the 

testing location. The surface excavation of the test site is 

equivalent to the excavation of overburden layer of the dam 

foundation in reality. A total of 18 single-hole acoustic wave 

tests were conducted at the test site, and 686 acoustic wave 

signals were collected. The maximum wave velocity is 

4424 m/s, the minimum wave velocity is 1845 m/s, and the 

average wave velocity is 2928 m/s. More detailed statistics 

are shown in Fig. 9, where 1.3% of the wave velocity values 

are between 4000 to 4500 m/s, 9.5% are between 3500 to 

4000 m/s, 25.6% are between 3000 to 3500 m/s, 52.6% are 

between 2500 to 3000 m/s, 10.0% are between 2000-

2500 m/s, and 1.0% are between 1500-2000 m/s. 

A typical curve of wave velocity value versus borehole 

depth is given in Fig. 10. For borehole depths of 0~0.5 m, it 

is difficult to obtain the wave velocity data due to testing 

conditions, so the data corresponding to this depth range are 

not included; for borehole depths of 0.5~1.0 m, the wave 

velocities in the rock mass are small; at borehole depths 

greater than 1 m, the wave velocity in the rock mass 

gradually increases, then becomes stable. 

The thickness of the loosened rock mass was determined 

based on the variation trend of the curve of wave velocity 

value versus hole depth. The decrease in acoustic wave 

velocity indicates fissure initiation and expansion at a 

mesoscopic level, as well as fracture generation at a 

macroscopic level. The effects of fissure and fracture 

occurrence can be characterized by the variation in the 

acoustic wave velocity obtained by geophysical exploration. 

Fig. 10 shows that the wave velocity decreases significantly 

in the interval up to 1 m in thickness; when the wave 

velocity is greater than that at a depth of 1 m, the wave 

 

Fig. 10 Typical curve of wave velocity versus hole depth 

 

 

Fig. 11 Typical curve of electrical resistivity versus depth 

 

 

velocity gradually returns to a steady state. Therefore, this 

method can be used to determine the depth of loosened rock 

at the surface of the rock mass. Combining the acoustic 

wave velocity and electrical resistivity data, the thickness of 

loosened rock mass in its natural state at the testing location 

can be approximately estimated as 1.0 m. It should be noted 

that, the geophysical prospecting method is only adopted to 

determine the thickness of loosened surface rock mass. 

Determination of mechanical parameters of rock mass, such 

as deformation moduli and shear strength parameters, are 

dependent on rock mass deformation test data, direct shear 

test data, etc. 

 

3.2 Results of in-situ rock mass deformation tests 
 

Fig. 12 shows the deformation curves obtained from the 

rock mass deformation testing considering different surface 

effects and plots typical field images. The deformation 

curves take on similar shape during the loading and 

unloading process. This indicates that the prepared field 

rock mass sites can yield rational results. 

The field images considering different surface effects 

can also reflect the influences of various environment 

conditions. The rock mass surface shortly after loosened 

layer excavation is smooth, intact, with few fractures visible 

thereon (Fig. 12(b)). The rock mass surface subjected to 

three months’ natural weathering effect is dry and coarse 

and a few fractures are present thereon (Fig. 12(d)). The 

rock mass surface subjected to dry-wet cycling for three 

months is overall slightly fractured and coarse and becomes 

a little greyer in appearance compared to neighboring rock 

masses (Fig. 12(f)). The rock mass surface covered by 
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(a) deformation curve: no surface effect (b) field image: no surface effect 

 
 

(c) deformation curve: natural weathering effect (d) field image: natural weathering effect 

 

 
(e) deformation curve: dry-wet cycling effect (f) field image: dry-wet cycling effect 

 

 
(g) deformation curve: concrete covering effect (h) field image: concrete covering effect 

Fig. 12 Deformation curves and field images under various environmental conditions 
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Fig. 13 Comparison of red-bed soft rock mass 

deformation modulus 

 

 

concrete maintains its original condition (Fig. 12(h)). 

Different environmental effects will cause different changes 

in the apparent behavior and rock mass structure of the red-

bed soft rock dam foundation, which may lead to changes in 

rock mass properties and mechanical parameters, thus 

affecting the bearing capacity of the dam foundation. 

The statistics in Table 1 can quantitatively confirm this 

finding: the average rock mass deformation modulus 

without surface effect is 2.81 GPa, while the average 

magnitudes of deformation modulus corresponding to 

natural weathering, dry-wet cycling, and concrete cover are 

1.95 GPa, 1.31 GPa, and 2.01 GPa. Fig. 13 shows that the 

samples subject to natural weathering vary more, which 

may signify that the effect caused by natural conditions is 

more random than other effects. A possible reason for the 

greater randomness lies in the fact that natural weathering is 

mainly manifest by sunlight, rain and ventilation conditions, 

and that different rock samples are affected by these factors 

to varying degrees, thus leading to dispersion in measured 

mechanical properties. 

Although the data obtained from the three rock mass 

deformation tests conducted under each environmental 

condition have certain discreteness, the overall trend in the 

test data obtained under different environmental conditions 

is quite obvious after comparison. Specifically, the 

deformation modulus of the rock mass obtained from the 

deformation test conducted in a short time after the 

excavation of the loosened surface rock mass is the highest; 

the modulus obtained from the deformation test conducted 

after being covered with concrete for three months is a little  

 

 

lower; the modulus considering natural weathering effect 

lasting for three months is further reduced; and the 

minimum modulus is obtained considering the dry-wet 

cycling effect lasting for three months. 

 
3.3 Results of in-situ direct shear testing of the rock-

concrete interface 
 

Fig. 14 summarizes the field direct shear test results of 

the interface between concrete and the rock mass under 

different environmental conditions, the surface of the rock 

mass before the direct shear test, and the interface on the 

rock-mass side and the interface on the concrete side after 

the direct shear test. Six normal stress levels are considered 

in each group of direct shear tests, which are distributed 

between 0 and 1.3 MPa. The shear strength was obtained by 

pushing the samples to produce shear failure, and then the 

Mohr-Coulomb criterion was used to obtain the cohesion 

and friction coefficient of the concrete-rock interface. The 

direct shear test images in Fig. 14 are all samples subject to 

zero normal stress. Observing the surface of rock mass and 

the interface of rock mass side and concrete side after the 

completion of direct shear test, the influences of different 

environmental conditions on the direct shear test results of 

rock-concrete interface can be found. 

When directly pouring concrete and conducting 

interface direct shear testing immediately after the 

excavation of the loosened rock mass, the surface of the 

rock mass is fresh before the direct shear test (Fig. 14(b)). 

After the completion of the direct shear test, the exposed 

concrete-rock interface is generally flat, and there is a small 

amount of rock and concrete residue on both sides of the 

interface (Figs. 14(c) and 14(d)). For the tests considering 

natural weathering and three months’ cyclic wetting-drying, 

the rock mass surface is already fractured before the direct 

shear test (Figs. 14(f) and 14(j)), and macroscopic cracks 

can be observed. After the direct shear tests, a certain 

degree of rock fracturing can be clearly observed on the 

side of the rock mass (Figs. 14(g) and 14(k))), while more 

debris is attached to the side of the concrete (Figs. 14(h) and 

14(l)). For the test considering concrete cover, the rock  

Table 1 Statistics pertaining to in-situ rock mass deformation test results 

Surface effect No. of samples 
Deformation 

modulus (GPa) 

Average modulus 

(GPa) 

Modulus 

reduction 

Standard deviation 

(GPa) 

No surface effect E1-1 2.95 2.81 - 0.31 

E1-2 3.11 

E1-3 2.38 

Natural weathering effect E2-1 1.10 1.95 ↓ 30.6% 0.70 

E2-2 2.82 

E2-3 1.93 

Dry-wet cycling effect E3-1 1.17 1.31 ↓ 53.4% 0.17 

E3-2 1.22 

E3-3 1.55 

Concrete covering effect E4-1 2.03 2.01 ↓ 28.4% 0.09 

E4-2 1.89 

E4-3 2.10 
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(a)  curve of shear stress v. normal stress: no surface effect (b) rock mass surface before pouring concrete: no surface 

effect 

  
(c) rock mass after shear test: no surface effect (d) concrete side after shear test: no surface effect 

  
(e) curve of shear stress v. normal stress: natural weathering 

effect 
(f) rock mass surface before pouring concrete: natural 

weathering effect 

  
(g) rock mass side after shear test: natural weathering effect (h) concrete side after shear test: natural weathering effect 

Fig. 14 Curves of shear stress v. normal stress and field images under various environmental conditions for the rock-

concrete interface 
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(i) curve of shear stress v. normal stress: dry-wet cycling 

effect 
(j) rock mass surface before pouring concrete: dry-wet 

cycling effect 

  
(k) rock mass side after shear test: dry-wet cycling effect (l) concrete side after shear test: dry-wet cycling effect 

  
(m) curve of shear stress v. normal stress: concrete 

covering effect 
(n) rock mass surface before pouring concrete: concrete 

covering effect 

  
(o) rock mass side after shear test: concrete covering effect (p) concrete side after shear test: concrete covering effect 

Fig. 14 Continued- 

τ = 0.92σ + 0.36
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Fig. 15 Comparison of shear strength parameters of the 

rock-concrete interface. 

 

Table 2 Statistical analysis of in-situ direct shear test data 

Surface effect 
Friction 

coefficient 
Reduction 

Cohesion 

(MPa) 
Reduction 

No surface 

effect 
0.95 - 0.72 - 

Natural 

weathering 

effect 

0.93 ↓1.1% 0.53 ↓26.4% 

Dry-wet cycling 

effect 
0.92 ↓2.1% 0.36 ↓12.5% 

Concrete 

covering effect 
0.94 ↓3.2% 0.63 ↓50% 

 

 

mass surface is fresh before the direct shear test, and 

afterwards the interface is still flat (Fig. 14(n)). 

Table 2 lists statistics pertaining to data from in-situ 

direct shear tests of the rock-concrete interface. Fig. 15 

further quantitatively confirms the influences of different 

environmental effects on the mechanical properties of the 

concrete-rock interface from the comparison of shear 

strength parameters. As can be seen, when directly pouring 

concrete and conducting a direct shear test immediately 

after the excavation of the loosened rock mass, the 

concrete-rock interface has the highest cohesion and friction 

coefficient, at 0.72 MPa and 0. 95, respectively. 

The values of cohesion and friction coefficient obtained 

from the direct shear test are slightly reduced to 0.63 MPa 

and 0.94, respectively, for the concrete-rock interface which 

has been covered by concrete for three months before 

pouring additional concrete. The mechanical parameters of 

concrete-rock interface decrease significantly after three 

months of natural weathering or cyclic drying-wetting. 

Under natural weathering effect, the cohesion and friction 

coefficient of concrete-rock interface are 0.53 MPa and 

0.93, respectively. Under dry-wet cycling, the cohesion and 

friction coefficient of concrete-rock interface are 0.36 MPa 

and 0.92, respectively. It can be seen from the variation that 

different environmental effects have more significant effects 

on the cohesion, and the magnitude is decreased by 12.5%, 

26.4%, and 50% under the effects of concrete covering, 

natural weathering, and dry-wet cycling, respectively. The 

friction coefficient is reduced by 1.1%, 2.1%, and 3.2%, 

respectively. This indicates that the cohesion of the 

concrete-rock interface is more sensitive to different 

environmental effects. 

Table 3 Statistics from laboratory shear tests on medium-

sized rock mass specimens 

Surface effect 
Friction 

coefficient 

Cohesion 

(MPa) 

Rock mass 

strength 

(MPa) 

Strength 

reduction 

No surface 

effect 
1.03 1.01 0.82 - 

Natural 

weathering 
0.79 0.72 0.70 ↓ 14.6% 

Dry-wet 

cycling 
0.56 0.41 0.48 ↓ 41.5% 

Concrete 

covering 
0.99 0.95 0.79 ↓ 3.7% 

 
 
3.4 Results of laboratory medium-sized rock sample 

shear test 
 
Fig. 16 illustrates the results of direct shear tests of each 

medium-sized rock mass under different environmental 

conditions and the shear failure surfaces obtained from 

direct shear tests of the rock mass under low, intermediate, 

and high normal loads. The Mohr-Coulomb model was used 

to fit the shear strength, and the mechanical parameters of 

cohesion and friction coefficient of rock mass were 

obtained. Meanwhile, the estimated compressive strength of 

the rock mass was determined by using Eq. (6). The 

aforementioned mechanical parameters are displayed in 

Table 3. 

   
(6) 

where R0 mm is compressive strength of the rock mass, c is 

the cohesion, and φ is the internal friction angle. 

From the shear stress-normal stress data and fitting 

results, it can be seen (Figs. 16(a), 16(d), 16(g), 16(j)) that, 

the greater the normal load applied, the greater the 

tangential load at shear failure of the medium-sized rock 

mass. The normal stress and shear stress of rock mass in 

shear failure generally present a positive linear relationship, 

and the Mohr-Coulomb model used can achieve favorable 

fitting effect, so, the shear strength parameters obtained 

based on the model can reflect the shear strength 

characteristics of a medium-sized rock mass. 

Under different normal loads, the pattern of shear failure 

surface of medium-sized rock mass is different. Taking the 

direct shear test of rock mass considering natural 

weathering as an example (Figs. 16(e) and 16(f)), under the 

low normal stress of 0.4 MPa, the shear surface of rock 

mass where shear failure occurs is generally flat, and the 

shear failure of rock mass is concentrated within a limited 

range above and below the failure surface. Under the 

highest normal stress of 2.1 MPa, the shear failure surface 

fluctuates, and the surface roughness is increased. The shear 

failure surface is very irregular with obvious serrated 

characteristics. With the increase of normal load, a larger 

range of rock mass above and below the shear failure 

surface is mobilized to resist the tangential force applied in 

the direct shear test, and then the shear capacity of the rock 

mass is enhanced. 
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(a) curve of shear stress v. normal 

stress: no surface effect 
(b) failure plane of rock mass under 

0.3 MPa normal stress: no surface 

effect 

(c) failure plane of rock mass under 

1.5 MPa normal stress: no surface 

effect 

   
(d) curve of shear stress v. normal 

stress: natural weathering effect 
(e) failure plane of rock mass under 

0.4 MPa normal stress: natural 

weathering effect 

(f) failure plane of rock mass under 

2.1 MPa normal stress: natural 

weathering effect 

   
(g) curve of shear stress v. normal 

stress: dry-wet cycling effect 
(h) failure plane of rock mass under 

0.4 MPa normal stress: dry-wet 

cycling effect 

(i) failure plane of rock mass under 

2.1 MPa normal stress: dry-wet 

cycling effect 

   
(j) curve of shear stress v. normal 

stress: concrete covering effect 

(k) concrete covering effect (l) failure plane of rock mass under 

2.1 MPa normal stress: concrete 

covering effect 
Fig. 16 Curves of shear stress v. normal stress and field images under various environmental conditions for a medium-sized 

rock mass 
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Fig. 17 Comparison of shear strength parameters of a 

medium-sized rock mass 

 

 
Under different environmental effects, the shear strength 

and compressive strength of medium-sized rock mass are 
different. As shown in Fig. 17, the cohesion and friction 
coefficient without considering any environmental effect 
are 1.01 MPa and 1.03 respectively. The cohesion and 
friction coefficient are 0.72 MPa and 0.79, 0.41 MPa and 
0.56, and 0.95 MPa and 0.99, respectively, under natural 
weathering, dry-wet cycling, and concrete cover, 
respectively. The compressive strength of a rock mass is a 
comprehensive index used to characterize the bearing 
capacity and mechanical properties thereof. By analyzing 
this index, the compressive strength of rock mass without 
considering environmental influences is found to be 0.82 
MPa. The compressive strengths considering natural 
weathering, dry-wet cycling, and concrete cover are 0.70 
MPa, 0.48 MPa, and 0.79 MPa with corresponding 
decreases of 14.6%, 41.5%, and 3.7%, respectively. 

 
3.5 Verification of the mechanical test results 
 

To verify the mechanical test results, geophysical 

prospecting was used again to investigate the loosened 

thickness of the rock mass under different environmental 

effects. For each testing area (Fig. 4), a test-hole was drilled 

and the acoustic wave velocity variation with hole depth 

measured. Fig. 18 shows changes in wave velocity with 

hole depth. The curve denoted as “no surface effect” refers 

to the results derived from the test shortly after the 

excavation, while the other three curves refer to the results 

derived from tests after three months subject to different 

environmental effects. 

The wave velocity versus hole depth curves can verify 

the mechanical test findings. Fig. 18 reveals that the wave 

velocity magnitudes corresponding to “no surface effect” 

and “concrete covering effect” are close and the loosened 

extent of rock mass is not obvious. This conclusion is 

consistent with the mechanical test data, in which the 

mechanical parameters under these two scenarios are 

similar. Furthermore, the wave velocity curves 

corresponding to “natural weathering” and “dry-wet 

cycling” exhibit significant decreases within depths of 0.4 

m and 0.8 m, respectively, indicating a more significant 

effect on the mechanical performance of the rock mass.  

This conclusion also agrees with the variations obtained 

by the aforementioned mechanical tests, therefore, the 

mechanical test results can be verified using the wave 

velocity index in a qualitative manner. 

 
Fig. 18 Verification of test results using geophysical 

prospecting 

 

 
4. Analysis and discussions 

 
4.1 Analysis of geophysical prospecting and in-situ 

testing results 
 

The mechanical test results conducted in-situ show that 

the rock mass used for the test is in an undisturbed state, so 

the test results have good regularity and can reflect the 

influences of different environmental effects. This shows 

that it is necessary to excavate the loosened rock mass on 

the surface for the red-bed soft rock. The geophysical 

exploration technique used in the present investigation can 

realize an accurate detection of the thickness of the surface 

loosened rock mass, and therefore provide an effective 

guidance for in-situ mechanical testing. Therefore, it is 

suggested that the geophysical prospecting method should 

be further extended to the detection of the loosened 

thickness of the surface rock mass at the dam foundation 

site in the subsequent actual construction of the red-bed soft 

rock dam foundation. Thus, the reasonable treatment 

thickness of the surface loosened rock mass of the dam 

foundation can be recommended. 

In this study, three kinds of environmental effects 

including natural weathering, dry-wet cycling, and concrete 

covering were designed. The deformation modulus of the 

rock mass, the shear strength of concrete-rock interface, the 

shear strength and compressive strength of rock mass under 

each environmental effect were obtained by in-situ 

mechanical tests on the rock. These indices 

comprehensively represent the mechanical properties and 

bearing capacity condition of the red-bed soft rock dam 

foundation rock mass and are important parameters for dam 

design and construction. By comparing the variation of 

these parameters, it is found that under concrete cover, the 

mechanical properties of red-bed soft rock decrease, but the 

decrease is generally limited, and the bearing capacity of 

rock mass can be maintained. This indicates that, under the 

sealing effect of concrete, the rock mass structure 

characteristics remain unchanged, and there are few new 

cracks initiated and expanding in the rock mass, so there is 

no significant influence on the macro-mechanical 

parameters of the rock mass. Under natural weathering, the 

mechanical parameters of red-bed soft rock decrease to a 

certain extent, which indicates that after the excavation of 

the dam foundation rock mass, if it is left unsealed for a 

long time, the surface rock mass will be affected by 
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weathering and unloading, and weathering fissures and 

unloading fissures will be formed in the surface layer and 

gradually expand to the shallow layer, resulting in 

deterioration of its mechanical properties and reduced 

macro-mechanical parameters. The mechanical parameters 

of red bed soft rock decrease to the greatest extent under the 

effect of dry-wet cycling. This is because the effect of dry-

wet cycling is not only contributed to by weathering, but 

also influenced by water-rock interaction. Through the 

fissures produced by weathering, water will infiltrate the 

red-bed soft rock, resulting in the reaction between water 

and hydrophilic minerals in the rock mass, weakening the 

rock mass. 

Furthermore, dam foundations are generally built on 

riverbeds, where a certain thickness of loosened overburden 

is present due to the geological action and scouring of the 

water over time. Therefore, the geological condition of the 

riverbed should be identified by drilling boreholes before 

construction of the dam. The method proposed herein is 

equally applicable to the detection of the loosened depth of 

a riverbed under actual engineering conditions. Depending 

on the actual conditions, the length of a geophysical 

prospecting hole can cover the depth of the loosened 

overburden and reach fresh bedrock beneath, therefore, the 

proposed methods and procedures regarding geophysical 

prospecting and mechanical tests are applicable to actual 

engineering conditions. 

 

4.2 Implications for dam construction 
 

The variations in the mechanical properties of a red-bed 

soft rock dam foundation under different environmental 

conditions provide some useful implications for the 

scheduled dam construction on red-bed soft rock. 

(1) The in-situ rock mass mechanical test data show that 

the rock-mass mechanical properties are best in the absence 

of environmental effects. This indicates that the rock mass 

of the dam foundation should be timely treated, such as 

grouting reinforcement or dam concrete pouring, thus 

maximizing the bearing capacity of the rock mass. 

(2) Natural weathering over three months is considered 

in the in-situ mechanical testing. This corresponds to the 

possible situation that the rock mass is exposed without 

treatment after the surface loosened rock mass is cleared 

and excavated. The test results show that, in this situation, 

the mechanical properties and bearing capacity of rock mass 

will be reduced, which is not beneficial to subsequent dam 

construction. Therefore, it is suggested that the rock mass 

forming the dam foundation should not be left exposed 

overly long after excavation in the actual construction to 

prevent the adverse effects of weathering and unloading. If 

unexpected factors are encountered in the actual project and 

timeous treatment cannot be carried out, as a measure to 

slow down the weathering and unloading process, it is 

suggested that the measures such as tarpaulin should be 

used to cover the dam foundation. 

(3) Dry-wet cycling over three months is considered in 

the in-situ rock mass mechanical testing. In engineering 

practice, if the rock mass forming the dam foundation is not 

treated for a long time and experiences alternation under 

rainfall and sunshine, the adverse effects are akin to those 

considered in the mechanical testing. The test results and 

analysis show that the effect of this environmental regime 

on the dam foundation rock mass is the most significant, 

and water is an important factor driving the deterioration of 

the rock mass. Therefore, it is suggested that the influence 

of water on the excavated dam foundation should be strictly 

controlled in practice. For example, to keep the rock mass 

of the dam foundation in a natural state, construction water 

should be restricted so as not to converge on the dam 

foundation surface, and waterproof tarpaulin should be laid 

timeously to avoid the impact of rainwater. At the same 

time, screening to prevent direct incidence of sunlight on 

the rock should be implemented to prevent the water 

content of the rock mass from decreasing. 

(4) The concrete covering effect lasting for three months 

is considered in the in-situ mechanical tests. In practice, this 
situation corresponds to the dam foundation rock mass 

being re-exposed after removing the existing hydraulic 

structures on the dam foundation. According to the in-situ 

mechanical test results, the bearing capacity of the studied 

dam foundation rock mass decreases slightly, but the overall 

mechanical properties do not change significantly. 

Therefore, during the demolition and reconstruction of 

hydraulic structures on the red-bed soft rock dam 

foundation, the bearing capacity of the re-excavated dam 

foundation rock mass can be considered to be unchanged, 

and the mechanical properties of the dam foundation rock 

mass continue to be represented by the previously used 

parameters. 
 
 

5. Conclusions 
 

Extensive investigations were conducted on the red-bed 

soft rock, including geophysical prospecting and a series of 

in-situ mechanical tests. The rock mass of the red-bed soft 

rock dam foundation was tested under different 

environmental conditions; the key conclusions are as 

follows: 

(1) The geophysical prospecting method can reveal that the 

weathering unloading depth of the surface rock mass of red-

bed soft rock is about 1 m, which provides an accurate basis 

for the excavation of the surface loosened rock mass; 

(2) Different environmental effects have different effects on 

the mechanical properties of such rock masses. Specifically, 

under the effect of concrete sealing, the mechanical 

properties of the rock mass remain unchanged. Under the 

effect of natural weathering, the mechanical parameters of 

the rock mass decrease to a certain extent; under the effect 

of dry-wet cycling, the mechanical parameters decrease 

significantly. The compressive strengths of rock mass are 

0.79 MPa, 0.70 MPa, and 0.48MPa under the effects of 

concrete sealing, natural weathering, and dry-wet cycling, 

respectively (some 3.7%, 14.6%, and 41.5% lower than the 

compressive strength of the freshly excavated dam 

foundation rock mass of 0.82 MPa). The analysis shows 

that weathering and unloading after excavation will cause 

the initiation and expansion of cracks in the rock mass, thus 

affecting its macro-scale mechanical parameters. In 
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addition, water-rock interaction will weaken the rock mass, 

leading to a reduced bearing capacity; 

(3) Through mechanical testing and analysis of different 

environmental effects, useful implications arise for the 

construction of a dam foundation on such red-bed soft rock, 

including timeous application of grouting reinforcement or 

concrete pouring after the excavation of the loosened rock 

mass, and reliable waterproofing measures, and measures 

for preventing weathering and unloading (these also involve 

shading to protect the exposed rock mass to direct sunlight 

and limit evaporation of the moisture therein). 
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